Three series of alkyl methacrylate based copolymers having photo-reactive side chains (C=C double bond) were synthesized and examined their performances as photopolymer in the presence of suitable oxime ester or triazine type radical photo-initiators for 365 nm light. Along to our previous report showed that correlation was observed between photochemical reactivity and chain length of the side chain/density of reactive side chain in the cyclohexyl methacrylate main chain. Our proposed mechanism is that sterically stacked nonpolar cyclohexyl groups may push out the polar reactive side chains, and length and density of the side chain controls cross linking between two reactive sites in the single main chain or two different main chains. Now we have examined structural effect of the alkyl groups on the efficiency of photocrosslinking. We have examined 5 series and totally 15 polymers. As a result, cyclohexyl methacrylate based copolymer showed excellent performance for polymerization.
Introduction
Photopolymer is practically and extraordinarily useful materials for fabricating photo-resist, color filters for LCD, adhesives, paint, printing plate, and so on [1] [2] [3] . For photopolymers, there are two types. The one is making positive image patterning where photo-irradiation induces degradation of film after the development [4] . The other is making negative image by irradiation, and irradiation increases robustness of film after the development. For typical negative type photopolymer increases molecular weight by cross linking between main chains, with decreasing solubility to the developer.
For typical positive type photopolymer, recent example is photopolymer using poly(tetrahydropyranyl methacrylate) (PTHPMA). Original PTHPMA is insoluble in EtOH and isopropyl alcohol (IPA), however, after hydrolytic cleavage the polymer dissolve into the developing EtOH or IPA [5, 6] .
An Example of negative type photopolymer in practical use was poly(vinyl cinnamate). Two C=C double bonds made cycloaddition reaction each other bringing enlargement of molecular weight by cross linking between main chains [5, 6] . Another example of negative type photopolymer is polymer having photochemically reactive allylic side chains [5] , irradiation of those induced cross linking reaction of C=C bonds, and therefore, molecular weight increased by decreasing solubility.
This research just started to develop photopolymer to utilize printing plate. At first, we synthesized reported PTHPMA homopolymer and poly(cyclohexyl methacrylate) (PCHMA) as a reference. Then, we fabricate printing plates by those polymers and photo-initiators. Exposure of a printing plate made of PCHMA gave no developable image by alkaline aqueous solution, however, it gave interesting latent image. After exposure, negative image appeared by wiping by cloth with oily printing ink. Detailed mechanism is still under investigation [7] .
In our previous study, we introduced photo-reactive side chains to modify the PCHMA for photopolymers of printing plate. Photo-reactive side chains were designed to add cross-linking ability, and therefore it will be applicable as a negative potoresist. In addition, radical polymerization is preferable because of variation of reactive monomers, easy to handle, rapid and efficient polymerization, and important practical purpose [8] .
As shown in Fig. 1 , CH 1, CH 2, and CH 3 have photochemically active C=C double bonds those are cross-linkable by irradiation of radical initiators [9] [10] [11] [12] . In those polymers, reactive methacrylate side chains have various side chain lengths, and also various densities in the main chains (ratios of x and y were set to 1:1, 4:1, or 10:1). Cross linking reaction between reactive branch C=C double bonds on a different main chains may induce enlargement of molecular weight accompanied with insolubilization, hence this process produces negative patterns. In this study, we use triazine or oxime ester type radical initiators (Fig. 2 ) to maximize photochemical reaction by i-line (365 nm) from a medium pressure mercury lamp or a LED [13] [14] [15] [16] [17] .
We have proposed model that explain the mechanism as shown in Fig. 3 . There is a certain amount of correlation between photochemical reactivity and chain length of the side chain and also density of reactive side chain in the main chain. Sterically stacked cyclohexyl groups push out the photo-reactive side chain, and length and density of the side chain controls cross linking between two reactive sites in the single main chain or two different main chains. If length of side chain is short, it only has a chance to react methacrylate moiety nearby. And density of the side chain having reactive moiety increased or the chain length become long enough to react with side chains in a single main chain, cross-linking occurred in the same main chain, therefore, cross-linking reactions between the same main chain and between different main chains were competing each other. The former does not bring enlargement of molecular weight, i. e. formation of negative image. Three series of copolymers having photo-reactive side chains (C=C double bond) were synthesized and examined their abilities as photopolymer in the presence of suitable photo-initiators for 365 nm light source. As a result, Fig. 1 . Poly(cyclohexyl methacrylate) copolymers having reactive methacrylate side chain. The x:y ratios are set to 1:1, 4:1, or 10:1. Fig. 2 . Trichlorotriazine type and oxime ester type photoinitiators used in this study. 2-2-4. Synthesis of ME 2 (x : y =4 : 1)
Into a 200 ml three necked flask, MMA : HEMA = 4 : 1 copolymer 3.50 g (6.60×10 -3 mol based on hydroxy group content), dry CHCl 3 25 ml, dibutyltin dilaurate 0.179 ml (2.97×10 -4 mol) were placed and kept stirring at ambient temperature under dry nitrogen until whole polymer was dissolved, and kept stirring at 0 °C. Then, MOI 1.41 ml (9.93×10 -3 mol) in dry CHCl 3 5 ml was added dropwisely. This was kept stirring for 24 h at 40 °C. After cooling down to the ambient temperature, a reaction mixture was added to excess amount of methanol, and stand stirring for an overnight. Then removal of solvent by decantation, the precipitated polymer was dissolved in CHCl 3 and precipitated by addition of methanol, then dried under vacuum. Product obtained as transparent solid, and yield, 2.37 g (52 % 2-2-5. Synthesis of ME 3 (x : y =4 : 1)
Into a 200 ml three necked flask, MMA : HEMA = 4 : 1 copolymer 6.00 g (1.13×10 -2 mol based on hydroxy group content), dry THF 40 ml, triethylamine (TEA) 4.70 ml (3.39×10 -2 mol), 4-dimethylamino pyridine (DMAP) 4.14 g (3.39 × 10 -2 mol) were placed and kept stirring at ambient temperature under dry nitrogen until whole polymer was dissolved, and kept stirring at 0 °C. Then, methacryloyl chloride 7.09 g (6.78×10 -2 mol) in dry THF 10 ml was added dropwisely. This was kept stirring for 24 h at ambient temperature. A reaction mixture was added to water, and stand stirring for an overnight. Then removal of solvent by decantation, the precipitated polymer was dissolved in CHCl 3 and precipitated by addition of n-hexane, then dried under vacuum. Product obtained as white solid, and yield, 1.78 g (25 %). -4 mol) were placed, and kept 70 °C for 22 h under dry nitrogen. After cooling down to the ambient temperature, a reaction mixture was added to excess amount of n-hexane, and stand stirring for an overnight. Then removal of solvent by decantation, the precipitated polymer was dissolved in CHCl 3 and precipitated by addition of n-hexane, then dried under vacuum. Product obtained as white solid, and yield, 5.47 g (50 %). Ratio of copolymer derived by t BuMA and GMA units was determined 1 -3 mol based on epoxy group content), dry methyl ethyl ketone 20 ml, TBAB 0.545 g (1.69×10 -3 mol), and HQ 7.5 mg (6.81×10 -5 mol) were placed and kept stirring at 60 °C under dry nitrogen until whole polymer was dissolved. Then, MA 0.712 ml (8.43×10
-3 mol) in dry methyl ethyl ketone (5 ml) was added dropwisely. This was kept stirring for 48 h at 60 °C. After cooling down to the ambient temperature, a reaction mixture was added to excess amount of methanol, and stand stirring for an overnight. Then removal of solvent by decantation, the precipitated polymer was dissolved in CHCl 3 
OH
Into a 200 ml three necked flask, BzMA : HEMA = 4 : 1 copolymer 4.00 g (4.79×10 -3 mol based on hydroxy group content), dry CHCl 3 25 ml, dibutyltin dilaurate 0.123 ml (2.15×10 -4 mol) were placed and kept stirring at ambient temperature under dry nitrogen until whole polymer was dissolved, and kept stirring at 0 °C. Then, MOI 1.02 ml (7.18×10 -3 mol) in dry CHCl 3 5 ml was added dropwisely. This was kept stirring for 24 h at 40 °C. After cooling down to the ambient temperature, a reaction mixture was added to excess amount of methanol, and stand stirring for an overnight. Then removal of solvent by decantation, the precipitated polymer was dissolved in CHCl 3 Into a 200 ml three necked flask, IBMA 7.00 ml(0.0309 mol), GMA 1.02 mL (7.71×10 -3 mol), dry methyl ethyl ketone 30 ml, and AIBN 0.0317 g (1.93×10 -4 mol) were placed, and kept 70 °C for 24 h under dry nitrogen. After cooling down to the ambient temperature, a reaction mixture was added to excess amount of methanol, and stand stirring for an overnight. Then removal of solvent by decantation, the precipitated polymer was dissolved in CHCl 3 and precipitated by addition of methanol, then dried under vacuum. Product obtained as white solid, and yield, 1.53 g (19 % Into a 200 ml three necked flask, IBMA : HEMA = 4 : 1 copolymer 4.00 g (3.92×10 -3 mol based on hydroxy group content), dry CHCl 3 25 ml, dibutyltin dilaurate 0.106 ml (1.76×10 -4 mol) were placed and kept stirring at ambient temperature under dry nitrogen until whole polymer was dissolved, and kept stirring at 0 °C. Then, MOI 0.832 ml (5.88×10 -3 mol) in dry CHCl 3 5 ml was added dropwisely. This was kept stirring for 24 h at 40 °C. After cooling down to the ambient temperature, a reaction mixture was added to excess amount of methanol, and stand stirring for an overnight. Then removal of solvent by decantation, the precipitated polymer was dissolved in Into a 200 ml three necked flask, IBMA : HEMA = 4 : 1 copolymer 4.00 g (3.92×10 -3 mol based on hydroxy group content), dry THF 30 ml, TEA 1.09 ml (7.84×10 -3 mol), DMAP 0.958 g (7.84×10 -3 mol) were placed and kept stirring at ambient temperature under dry nitrogen until whole polymer was dissolved, and kept stirring at 0 °C. Then, methacryloyl chloride 2.43 g (1.57×10 -2 mol) in dry THF 10 ml was added dropwisely. This was kept stirring for 24 h at ambient temperature. A reaction mixture was added to water, and stand stirring for an overnight. Then removal of solvent by decantation, the precipitated polymer was dissolved in CHCl 3 and precipitated by addition of methanol, then dried under vacuum. Product obtained as white solid, and yield, 2.06 g (47 %). 
Typical experimental procedures 2.4-1. Preparation of sample film
Stock Solutions (SS) at a weight ratio of CHCl 3 : copolymer = 1:9 were prepared. Then, 6.30×10 -6 mol photoinitiator（TCT-A = 3.12 mg, TCT-B = 2.97 mg, OXE-01 = 2.81 mg, OXE-02 = 2.60 mg） was added to the SS 1.00 g. This solution was spin coated on a quartz or KBr plate by a spin coater (DALTON MS-160) for 1 min at 1000 rpm. This film was dried under dry air for 30 min, and another 30 min under vacuum at ambient temperature in a dark room.
2.4-2. Tracking photochemical reaction by FT-IR Sample film was casted on a KBr plate. The intensities of C=C stretching at 1637 cm -1 before and after exposure were measured by an FT-IR instrument using an equation, Conversion (%) = (A 0 -A t ) × 100 / A 0 , here, A 0 and A t are the intensities before and t second after the exposure, respectively. For this experiment, the concentration of C=C groups in photopolymer, and NPGDMA mixed with binder polymer (PMMA) were prepared to be equal.
2.4-3. Preparation of presensitized plates and exposure experiments
This experiment was performed at a laboratory of Okamoto Chemical Industry. Copolymer 0.25 g, initiator 0.15 g, and dye (Oil Blue 613) 0.05g were mixed dissolved in DMF, THF, and 2-methoxyethanol mixture (10g). This solution (5-10g) was wire-bar coated on a aluminum plate. This plate was dried in a oven for 7 min at 100 °C. Expodure was performed by a metal-halide lamp (365 nm, 100-120 mJ/cm 2 ) using a step-tablet film (Fuji Film).
Results and Discussion

Absorption spectra and IR measurement of exposured film
The reaction was followed by measuring of absorption spectra of triazine or oxime ester type photoinitiators used in this work in the presence of photopolymer before and after the exposure. Those initiators were selected for the i-line (365 nm) of a medium pressure mercury lamp or a LED.
In addition, conversion of C=C bond in the branch of each polymer followed reaction by observation of C=C stretching at 1637 cm -1 by FT-IR. In the figures, rise up and conversion plateau % are considered for evaluation (Figs. 4 and 5) .
The performances of photopolymers were evaluated by two methods. The first is time dependence of conversion followed by FT-IR method. By this method, the conversion curve rapidly increases at the initial stage, and reaching plateau at the end. The slope of the initial may be relates to the reaction speed and plateau conversion percentage relates to the reactivity of the C=C bond. In general, larger slope and higher conversion are better. However, if reaction initiates very rapid, polymer becomes stiff. Therefore further diffusions of radical species in polymerization are prohibited and the conversion keeps small value. Another important point is that the high conversion does not always correspond to the better performance of photopolymer. If consumption of double bond occurs in a single main chain, it does not lead to the dissolubility of the pattern. We have evaluated the conversion-time curves by these points of view.
In the Figs. 3 and 4 of conversion (%) versus exposure time plot, rise up and conversion plateau % are higher in the order of OXE-02, TCT-A=TCT-B, and OXE-01. This is explained by the character of radicals generated from different initiators [18] [19] [20] [21] . Methyl radical produced from OXE-02 has highest reactivity and mobility in the polymer matrix, and chlorine atom generated TCT-A and TCT-B, and phenyl radical from OXE-01 have similar ability in total. Phenyl radical has less reactive than the methyl radical due to the capability of resonance structure, and it may have higher reactivity and less mobility than the chlorine atom.
Comparing reactivities of polymer 1, 2, and 3, in general, the performance of the polymer 2 is the best, then 1 and 3 are followed in this order. Then, alkyl group effect was examined for the series of polymer 2. Their performances were in the order of Me 2> Bz 2>CH 2> t Bu 2>IB 2. The plateau % of CH 2 was not the best, however, slope of the initial stage was the largest. In the following section, a plateau % value does not relate to the performance of negative image patterning.
3.2. Evaluation of printing plates. 3.2-1. Developing methods.
Three different type of developing solvent, MeOH, IPA and alkaline aq. Solution were examined to develop printing plate of photopolymers (x : y = 4 : 1) ( Table 2 ). In case of IPA, image had highest contrast.
3.2-2. Qualities of the negative pattern images.
As shown in Table 2 , we have examined most of printing-plate fabricated by the photopolymers. The qualities of patterns were in the order of CH 2>IB 2>Me 2>Bz 2> t Bu 2. This order is quite different from the order obtained by the FT-IR method. CH 2, CH 1= CH 3 showed best three performance. Bz 2 showed very high conversion, however, its image quality was one of the worst. IB 2 was the worst performance in the conversion experiment, however image quality was followed to the CH 1-CH3 series.
This indicates that IB 2 showed inefficient intermolecular cross-linking, but its intramolecular crosslinking was much inefficient. Finally, CH group showed extremely high performance among the photopolymers examined in this study.
We believe this is due to the correlation between photochemical reactivity and chain length of the reactive side chain. Sterically stacked nonpolar cyclohexyl groups [22, 23] may push out the polar reactive side chain, and length and density of the side chain controls cross linking between two reactive sites in the single main chain or two different main chains. Cyclohexyl methacrylate chain is rigid chain due to the stacking of cyclohexyl group, therefore longer side chain is more flexible than the shorter side chains. Similar effect of cross linker has been reported [24] .
We have confirmed our first proposed model that explains the mechanism as shown in Fig. 6 . There is a certain amount of correlation between photochemical reactivity and chain length of the side chain and also density of reactive side chain in the main chain. Sterically stacked cyclohexyl groups push out the photo-reactive side chain, and length and density of the side chain controls cross linking between two reactive sites in the single main chain or two different main chains. If length of side chain is short, it only has a chance to react methacrylate moiety nearby. And density of the side chain having reactive moiety increased or the chain length become long enough to react with side chains in a single main chain, cross-linking occurred in the same main chain, therefore, cross-linking reactions between the same main chain and between different main chains were competing each other. The former does not bring enlargement of molecular weight, i. e. formation of negative image. 
Conclusion
Three series of copolymers having photo-reactive side chains (C=C double bond) were synthesized and examined their abilities as photopolymer in the presence of suitable photo-initiators for 365 nm light source. As a result, those polymers gave negative patterns with micrometer resolution.
4. "Photopolymer for Surface Treatment", Yasuyuki Takimoto, Bunshin-Publishing Co. Tokyo. 5. Richard John Ellis and Denis Edward Vogel, Minnesota Mining and Manufacturing Co., JP-H7-186562, This reaction was initiated more efficiently by the initiator to generate sterically small radicals such as methyl radicals (from OXE-02) rather than phenyl radical (from OXE-01). In addition, chlorine atoms generated from TCT-A and TCT-B were as efficient as phenyl radical (from OXE-01). Concerning reaction mechanisms, followed reaction by FT-IR, the peak intensity at 1637 cm -1 (C=C stretching) was decreased with increasing exposure time, and also methylene peak was appeared by 1 H-NMR indicated reaction at the allylic double bonds.
